To clarify the functional role of human pre-supplementary motor area (pre-SMA) in 'cognitive' motor control as compared with other non-primary motor cortices (SMAproper and lateral premotor areas) and prefrontal area, we recorded epicortical field potentials by using subdural electrodes in five epileptic patients during presurgical evaluation, whose pre-SMA, SMA-proper, prefrontal and lateral premotor areas were defined by electric cortical stimulation and recent anatomical orientations according to the bicommissural plane and callosal grid system. An S1-Go/NoGo choice and delayed reaction task (S1-choice paradigm) and a warned choice Go/NoGo reaction task (S2-choice paradigm) with inter-stimulus intervals of 2 s were employed. The results showed (i) transient potentials with onset and peak latencies of about 200 and 600 ms, respectively, after S1 in the S1-choice paradigm mainly at pre-SMA and to a lesser degree at the prefrontal and
Introduction
Currently the supplementary motor area (SMA) in nonhuman primates is divided into the rostral SMA (pre-SMA) and the caudal SMA (SMA-proper) on the basis of physiological and anatomical criteria (Wiesendanger, 1986; Rizollati et al., 1990; Tanji, 1994) . It has been reported from studies using the single cell recording technique that in primates pre-SMA neurons discharged more frequently in preparation for the forthcoming reaching movements than SMA-proper neurons, and the latter were more related to execution of the reaching movements (Matsuzaka et al., © Oxford University Press 1999 lateral premotor areas, but not in the S2-choice paradigm. At SMA-proper, a similar but much smaller potential was seen after S1 in both S1-and S2-choice paradigms and (ii) slow sustained potentials between S1 and S2 in both S1-and S2-choice paradigms in all of the non-primary motor areas investigated (pre-SMA, SMA-proper and lateral premotor areas) and prefrontal area. It is concluded that pre-SMA plays a more important role in cognitive motor control which involves sensory discrimination and decision making or motor selection for the action after stimuli, whereas SMA-proper is one of the main generators of Bereitschaftspotential preceding self-paced, voluntary movements. In the more general anticipation of and attention to the forthcoming stimuli, non-primary motor cortices including pre-SMA, SMAproper and lateral premotor area, and the prefrontal area are commonly involved. 1992). Approaches to understanding the function of human pre-SMA and SMA-proper have included functional imaging studies such as PET (as reviewed by Picard and Strick, 1996) , and more recently functional MRI (fMRI) (Hikosaka et al., 1996; Humberstone et al., 1997) . The results from these studies suggested that a part of the mesial frontal lobe situated rostral to the line drawn through the anterior commissure (AC) perpendicular to the line connecting the AC and the posterior commissure (PC), i.e. the VAC line (Talairach and Tournoux, 1988) , was significantly active with respect to the higher order aspects of motor control such as intrinsic movement selection, motor learning, complex movement and Go/NoGo trials, independent of the body part involved (Deiber et al., 1991; Shibasaki et al, 1993; Hikosaka et al., 1996; Picard and Strick, 1996; Humberstone et al., 1997) . Thus, this area is regarded as the pre-SMA in humans. These imaging results, however, also contain a variety of factors related to voluntary motor execution such as attention, discrimination, judgement, decision, preparation, anticipation, execution, assessment of performance and somatosensory feedback input mainly due to their limited temporal resolution.
Previously we recorded EEG from the SMA-proper in association with spontaneous, voluntary movements in epilepsy patients by using subdural electrodes (Ikeda et al., 1992 (Ikeda et al., , 1993 (Ikeda et al., , 1995 (Ikeda et al., , 1996a . This technique best delineates the temporal characteristics of the cortical electrical activity in a particular area covered by the subdural electrodes, and the results demonstrated that the SMA-proper generated Bereitschaftspotential (BP) (Kornhuber and Deecke, 1966; Shibasaki et al., 1980) in accordance with its somatotopy. Subdural EEG recordings in epilepsy patients by employing a warned S2-choice reaction paradigm were also made (Ikeda et al., 1996a, b; Hamano et al., 1997) . We found that (i) in dichotomous discrimination tasks which required decision making with regard to the S2 stimuli, bilateral mesial frontal cortices rostral to SMA-proper generated transient field potentials and (ii) orbitofrontal and mesial prefrontal cortices generated slow potentials in the period of uncertainty and anticipation preceding the forthcoming informative stimulus (S2). Hamano et al. (1997) further investigated these decisionrelated potentials and slow sustained potentials in a larger number of patients who had subdural electrode grids at the lateral prefrontal, temporal, parietal and occipital association cortices. These negative transients were not particularly evident at the primary motor or sensory area, but were widely observed at the mesial and basal prefrontal, lateral and mesial parietal, lateral and mesial temporal, and mesial occipital areas, all of which belonged to non-primary motor, nonprimary sensory or association cortices. In addition, slow shifts between S1 and S2 were seen at the prefrontal, lateral premotor, SMA, primary sensorimotor, mesial temporal and occipital association areas.
In the three studies described above (Ikeda et al., 1996a, b; Hamano et al., 1997) , however, three problems have not been resolved. First, with regard to the mesial frontal area, SMA-proper was defined by electric cortical stimulation, but any further distinction between the SMA-proper, pre-SMA and mesial prefrontal area, especially between the latter two areas, was not clear. In our study (Ikeda et al., 1996a) , among the many subdural electrodes analysed on the mesial frontal cortex anterior to the SMA-proper, two were located 20 mm anterior to an electrode which corresponded to the SMA-proper of the face area, and they generated a transient potential after dichotomous S2 stimuli with a peak latency of 350 ms. However, it was unclear as to whether these two particular electrodes belonged to pre-SMA or mesial prefrontal area as anatomical analysis in relation to the VAC line was not performed. A clear distinction among these structures is important when considering the functional role of these individual areas. Secondly, the paradigm adopted in all three studies described was a warned S2-choice Go/NoGo reaction paradigm, which required the subjects to make dichotic discrimination, selection and decision, and also to instigate motor execution immediately upon the S2-Go signal. Therefore, it was not possible to differentiate between the discrimination process and the final decision for motor execution as to Go or NoGo. The distinction would only be possible by adopting the S1-choice paradigm and comparing it with the results of S2-choice paradigm. Thirdly, no studies have been done with regard to subdural potentials at the lateral prefrontal, lateral premotor and primary motor areas in association with an S1-choice reaction-time paradigm. We, therefore, conducted the present study paying special attention to the resolution of these three, especially of the first two, concerns.
Recent analyses of single cell recordings in non-human primates demonstrated that, in contrast to SMA-proper cells, pre-SMA cells generated transient activity when shifting motor plans in response to the instruction signal (Matsuzaka and Tanji, 1996) , and a similar specific activity in pre-SMA was seen when updating a motor task (Shima et al., 1996) . Updating or shifting a motor task encompasses a selection process which is strongly related to motor preparation. Therefore, in order to clarify how closely the human pre-SMA, strictly defined by the currently accepted anatomical and functional criteria, is associated with cognitive motor control in voluntary movements when compared with SMAproper, prefrontal and lateral premotor cortices, we analysed epicortical field potentials directly recorded from human cortex in epilepsy patients. Preliminary results have been reported elsewhere in an abstract form . The function of human pre-SMA in generating BP preceding spontaneous, voluntary movements based on findings obtained in patients 1 and 2 of the present series has been described elsewhere (Yazawa et al., 1997b (Yazawa et al., , 1998 . Two other patients (patients 3 and 4) were discussed Mima et al., 1997) and ictal subdural EEG findings in patients 1-3 were reported elsewhere for entirely different purposes (Ikeda et al., 1999) .
Material and methods Subjects
We recorded field potentials directly from the surface of the frontal cortex in five right-handed patients with medically intractable partial seizures (two men and three women, age ranging from 21 to 53 years with the mean of 33 years). All five patients were clinically evaluated for epilepsy surgery by using subdural electrodes, and informed consent was obtained from all patients after the purpose and possible consequences of the studies were explained, which were The cortical electrical potentials were recorded by using chronically implanted subdural electrodes (AD-TECH) made of platinum. Each electrode was 3 mm in diameter, and the centre-to-centre inter-electrode distance was 1 cm. This invasive technique helps to identify (i) the extent of the epileptogenic region by seizure recording, and (ii) the function of the cortex around the epileptogenic region by electrical cortical stimulation and by recording somatosensory evoked potentials (SEPs) (Hahn and Lüders, 1987) .
The electrodes were placed at both the SMA-proper and pre-SMA in three patients (patients 1 and 2 on the right hemisphere, and patient 5 on the left), the right mesial prefrontal area in one patient (patient 1), the lateral prefrontal area in two patients (patients 2 and 3, right and left hemisphere, respectively), the left lateral premotor area in one patient (patient 4) and the right primary motor hand area in one patient (patient 2). The anatomical location of these electrodes was defined as described in the Methods section on 'Cortical mapping' (see below). Four out of five patients had an increased signal abnormality on T 2 -weighted MRI which was later confirmed by surgery; in the right cingulate cortex (gliosis) (the area corresponding to electrode 3 and its inferior portion, that is partly extended and close to electrode 10 in Fig. 2 ) in patient 1, the right lateral premotor cortex (astrocytoma grade II) in patient 2, in the left middle to inferior frontal gyrus (astrocytoma grade II) in patient 4 and in the high lateral convexity of the left frontal lobe (cortical dysplasia) in patient 5. The potentials recorded from the electrodes placed over these lesions were not used for the further analysis.
Experimental paradigms
Two reaction-time paradigms using paired auditory stimuli (S1 and S2) were employed in the present study: (i) warned choice Go/NoGo task (S2-choice reaction-time paradigm) and (ii) delayed response paradigm following dichotomous choice Go/NoGo task (S1-choice reaction-time paradigm). In both paradigms voluntary movements were adopted as a response task to S2.
The S2-choice paradigm was adopted from the authors' previous studies as follows (Ikeda et al., 1994 (Ikeda et al., , 1996a . A pair of tone bursts of different pitch and of a duration of 20 ms were presented for S1 and S2 with an interval of 2 s. S1 was always a tone burst of 1000 Hz, while S2 was either a tone burst of 1500 Hz (Go) or that of 2000 Hz (NoGo). Go and NoGo stimuli were presented in a random order with the same probability, and the motor task employed was middle finger extension of the hand contralateral to the side of the implanted electrodes. The patients were instructed to respond as quickly as possible upon the S2-Go signal, but not to respond upon S2-NoGo. The EEG segment from 1 s before the S1 onset to 1.5 s after the S2 onset was averaged for Go and NoGo trials separately, and the group average across Go and NoGo trials were made. The next warning signal was set to be delivered at variable intervals between 3.5 and 7.5 s after the onset of each S2 signal.
In the S1-choice paradigm, which we adopted partially from another study of ours (Lai et al., 1997) , S1 was either a tone burst of 1500 Hz (Go) or of 2000 Hz (NoGo) while S2 was always a tone burst of 1000 Hz. Go and NoGo stimuli were presented in a random order with the same probability. The subjects were asked to react or not to S2 as quickly as possible, by the same motor task as used for the S2-choice paradigm depending on the S1. The EEG segment analysed, the averaging method and the inter-trial interval were the same as those employed for the S2-choice paradigm.
The patient was asked to keep quiet during each recording session and to postpone the next task if he accidentally moved prior to the task movement. Before recording sessions, the patient was given a training period until the examiner was satisfied that the subject consistently produced brisk movements which were preceded and followed by complete muscle relaxation. During the recording, trials in which apparently significant artefacts and erroneous responses by the patients were noted were rejected manually to store by a special on-line rejection paradigm (Ikeda et al., 1994 (Ikeda et al., , 1996a . One recording session typically lasted 5-6 min, and was repeated four to five times with an intermission of a few minutes between sessions.
Data acquisition and analysis
Cortical recordings were done simultaneously from 20-32 subdural electrodes in each patient. The subdural electrodes were all referenced to a scalp electrode placed on the mastoid process contralateral to the side of implantation. The bandpass filters applied for EEGs and EMGs were 0.016-60 Hz and 20-60 Hz, respectively. The sensitivity of EEG was set to 2 mV full scale (12 bit). Electro-oculograms (EOG) recorded from an electrode placed lateral to the right outer canthus which was referenced to the mastoid electrode was monitored simultaneously with the same filtering and sensitivity as those used for EEG recording.
All of the electrographic output signals were digitized at the sampling rate of 200 Hz per channel, and stored on magneto-optical disks by a compact evoked potential recording machine (DP1100, NEC San-ei) with the aid of a special purpose computer program designed for subsequent off-line analysis. In addition to the special on-line rejection program as described above, an off-line rejection program was also applied; trials associated with either (i) erroneous response by the subjects, or (ii) movements which were not brisk enough to identify a clear EMG onset, were excluded from subsequent analysis. A total of 72-127 trials were selected for each of the Go and NoGo conditions of S1-and S2-choice paradigms separately. For each subject, a group average waveform was obtained for each condition after confirmation that the two ensemble averaged EEGs were reproducible as in Fig. 2C . Subsequently Go and NoGo trials were averaged altogether for each of the S1-and S2-choice paradigms.
Patients 1, 3, 4 and 5 had EEG recordings for both paradigms, and patient 2 had only the S1-choice paradigm because of the patient's condition.
Cortical mapping
For cortical mapping of the mesial frontal surface, electrical cortical stimulation and the recording of SEPs were done before the present experiment. Each subdural electrode was individually stimulated to identify cortical function (Lüders et al., 1987) . Details of the methodology for stimulation and the subsequent cortical mapping have been described elsewhere (Lüders et al., 1987; Ikeda et al., 1992) . The SMA-proper was identified by its unique responses on the mesial surface, consisting of predominantly tonic motor responses of the upper as well as lower limb and of the trunk, neck and face, either unilaterally or bilaterally. These motor responses were somatotopically organized within the SMA-proper (Lim et al., 1994) . A negative motor response was defined as the cessation of voluntary tonic muscle contraction or rapid alternating movements without loss of awareness during the stimulation (Lüders et al., 1987) . Cortical SEPs to electrical stimulation of the median nerve at a rate of 1.1 Hz were recorded from the same subdural electrodes.
In order to define the precise anatomical location of pre-SMA and SMA-proper in patients 1 and 2, a plain lateral view of skull X-ray film, taken after implantation of the electrodes, was first superimposed upon the sagittal view of the T 1 -weighted MRI taken before surgery by using common landmarks, i.e. nasion and inion, and the sizes adjusted to each other for each patient (Ikeda et al., 1995 (Ikeda et al., , 1996a . In patient 5, T 1 -weighted MRI of the sagittal view was taken when the patient had the subdural electrodes in the skull, to define the precise location directly. Based on the atlas of Talairach and Tournoux (1988) and on the histological analysis in human SMA (Zilles et al., 1996) , the electrodes located on the mesial surface of the superior frontal gyrus just anterior to the VAC line were judged to be on the pre-SMA. If the electrodes placed on the mesial surface of the superior frontal gyrus showed a negative motor response by electrical stimulation, then they were also judged to be on the pre-SMA regardless of their relative location to the VAC line. However, the electrodes which elicited a positive motor response when stimulated were excluded from pre-SMA. Based on the atlas of Talairach and Tournoux (1988) and on the recent PET studies (Picard and Strick, 1996) , the anterior border of pre-SMA was further defined by the line 20 mm anterior and parallel to the VAC line. In patients 1, 2 and 5 it was also confirmed that the above boundary between the pre-SMA and prefrontal areas was consistent with the callosal grid system (Lehman et al., 1992; Olivier, 1996) in which the boundary was provided by the line (anterior callosal plane) drawn at the anterior edge of the genu of the corpus callosum perpendicular to the plane through the lower border of the genu and splenium of the corpus callosum.
If the electrodes on the mesial surface of the superior frontal gyrus were located posterior to the VAC line, and also if these electrodes did not elicit a negative motor response, then those electrodes were judged to be on the SMA-proper. Since a negative motor response by electrical stimulation is not necessarily elicited in every subject even if the subdural grid electrodes are located on the rostral part of the superior frontal gyrus (Lüders et al., 1987) , the presence of a negative motor response was not regarded as essential for defining pre-SMA in the present study.
Results

Cortical mapping
Patient 1 had four 1 ϫ 4 electrode strips at the right mesial frontal area, and another 1 ϫ 4 electrode strip containing electrodes 5-7 was placed at the boundary between the mesial and lateral parts of the superior frontal gyrus (Figs 1A and 2A and B) . Patient 2 had one 2 ϫ 8 electrode grid at the right mesial frontal area, one 4 ϫ 5 grid at the right lateral frontal area and one 4 ϫ 5 grid at the right perirolandic area (Figs 1B and 3). Patient 3 had one 2 ϫ 8 electrode grid at the left lateral prefrontal area (Fig. 4) , one 2 ϫ 8 grid at the left basal frontal area, and one 2 ϫ 8 grid at the left mesial to lateral temporal area. Patient 4 had two 4 ϫ 5 electrode grids at the left lateral premotor area (Fig. 5 ) and left inferior to middle frontal gyrus. Patient 5 had one 2 ϫ 8 electrode grid at the left mesial frontal area and one 4 ϫ 5 grid on the left lateral frontal convexity (Figs 1C and 6) .
On electrical cortical stimulation, electrode 2 in patient 1 induced tonic abduction of the left arm, and electrode 3 elicited a negative motor response in the left arm ( Fig. 2A  and B ). Other electrodes in patient 1 did not elicit any visible response. In patient 2, electrode 1 elicited tonic muscle contraction of the left arm and foot, electrode 4 elicited negative motor responses involving all extremities, tongue and eye movements, and electrodes 2, 3 and 5 did not elicit any response (Fig. 3) . Electrode 8 elicited a clear positive motor response in the left arm. In patient 3, electrodes 5, 9, 10 and 13 did not induce any response after electrical stimulation (Fig. 4) . In patient 4, electrodes 2 and 4 elicited negative motor responses in the right arm and tongue, respectively (Fig. 5) . Electrode 5 elicited a positive motor response in the tongue. Electrodes 1, 3 and 6 did not cause any response. In patient 5, electrodes 1-3 elicited no responses after cortical stimulation. No stimulation was carried out for electrodes 4-6. Positive motor responses were observed at electrode 7 (tonic contraction of the left lower trunk muscles) and electrodes 8 and 9 (tonic abduction of the bilateral feet, more on the left). Positive sensory symptoms in the whole body were elicited by the stimulation of electrode 10 (Fig. 6) . Fig. 1 Anatomical location of the subdural grid electrodes placed in the mesial frontal area for three patients, as shown on each individual's MRI. In patients 1 (A: right hemisphere) and 2 (B: right hemisphere), the sagittal view of the T 1 -weighted MRI taken before surgery was superimposed upon a plain lateral view of skull X-ray film taken after implantation of the electrodes by using common landmarks, i.e. nasion and inion, and adjusting the size to each other for each patient. In patient 5 (C: left hemisphere), the T 1 -weighted MRI of the sagittal view was taken when the patient had the subdural electrodes in the skull, to define the precise location directly. AC-PC line ϭ a line crossing anterior commissure and posterior commissure in the midline; VAC ϭ a line on the anterior commissure perpendicular to AC-PC line. [B was modified from fig. 1 in Yazawa et al., (1998) with permission.] With regard to cortical SEPs, a negative peak (ϩ73 ms, 37 µV) was seen at electrode 1 after the left median nerve stimulation in patient 1. In patient 2, electrodes 1-5 showed positive peaks (either ϩ55 ms or ϩ88 ms, 20-30 µV) after the left median nerve stimulation. In patient 5, a broad, small negative peak (ϩ30 ms, 6 µV) was seen at electrodes 7-9 after the right median nerve stimulation.
From the anatomical point of view, the VAC line in patient 1 was located between electrodes 3 and 4, and electrodes 11-13 were located at or within 20 mm rostral to the VAC line, and therefore were on or caudal to the anterior callosal plane according to the callosal grid system (Fig. 1A) . The VAC line in patient 2 was between electrodes 2 and 4 as well as between electrodes 3 and 5 (Fig. 1B) . In patient 5, the VAC line was on electrodes 2 and 5. Brain MRI taken with the implanted electrodes clearly showed that electrodes 1-3 were located on the superior frontal gyrus. Electrodes 1 and 4 were located posterior to the anterior callosal plane (Fig. 1C) .
Cortical mapping was made by taking all the above findings into account as follows. In patient 1, electrodes 1 and 2 were judged to be on the SMA-proper, electrodes 3-9, 11 and 12 on the pre-SMA, electrodes 14-16 on the prefrontal area and electrodes 10 and 13 on the cingulate sulcus (Figs 1A and 2A and B) . Electrode 3 showed continuous slow activity most likely due to the epileptogenicity, and consequently the averaged waveform did not show reproducible responses. In patient 2, electrodes 1-3 were judged to be on the SMAproper, electrodes 4 and 5 on the pre-SMA, and none were on the cingulate gyrus ( Figs 1B and 3 ). In addition, electrodes 6 and 7 were judged to be on the lateral prefrontal cortex, and electrode 8 on the right primary hand motor area. In patient 3, electrodes 5, 9, 10 and 13 were judged to be on the lateral prefrontal area (Fig. 4) . In patient 4, electrodes 2 and 4 were judged to be on the lateral premotor area corresponding to the primary (lateral) negative motor area , and electrode 5 on the primary motor face area (Fig. 5) . In patient 5, electrodes 1 and 2 were judged to be on the pre-SMA, electrodes 3 and 7-10 on the SMA-proper, electrode 4 on the cingulate sulcus and electrodes 5 and 6 on the cingulate gyrus (Figs 1C and 6) . (electrodes 6, 7, 8 and 12 ) and also at the prefrontal area to a lesser degree (electrodes 15 and 16) (all indicated by large arrows) and ill defined at the SMA-proper (electrode 2) (indicated by an arrowhead). Sustained negative slow potentials between S1 and S2 are seen at the pre-SMA (electrodes 6, 9 and 12), the prefrontal area (electrode 15) and the SMA-proper (electrode 1) (indicated by asterisks). Go and NoGo trials were averaged together after confirming the consistency of waveforms before S2 stimuli, as shown in (C). (B) No clear transient potentials are seen after S1 either at the pre-SMA or the prefrontal area, except for electrode 7. At the SMA-proper (electrode 2) a similar, though ill defined, potential (indicated by an arrowhead) is seen. Sustained negative slow potentials between S1 and S2 are seen at the pre-SMA (electrodes 6-9), the prefrontal area (electrode 15) and the SMA-proper (electrode 1) (shown by asterisks). Negative transients upon S2 are seen mainly at the pre-SMA (electrodes 6, 7, 8 and 12) (indicated by a large arrow), which have similar features to the transient potentials seen upon S1 in the S1-choice paradigm (see A). Go and NoGo trials were averaged together after confirming the consistency of waveforms before the S2 stimuli, as shown in (C). (C) Separate representation of EEG waveforms of Go and NoGo trials in both S1-and S2-choice reaction-time paradigms in the selected electrodes (electrodes 8-13) in patient 1. The transient potentials immediately after S1 in S1-choice task (as seen at electrode 8) were clearly present equally in both Go and NoGo trials. Furthermore, sustained slow potentials between S1 and S2 (as seen at electrodes 9 and 12) were also equally present not only in Go but also in NoGo trials. Rectified EMG of the left extensor digitorum muscle for the middle finger was shown in the right lower side in the four sets of EEG waveforms. VAC ϭ a line on the anterior commissure perpendicular to AC-PC line; VPC ϭ a line on the posterior commissure perpendicular to AC-PC line. At pre-SMA mainly positive peak activity is seen until 500 ms after S1 (maximum at electrode 4) in both Go and NoGo trials (indicated by large arrows). At SMA-proper, smaller (electrode 2) or ill defined (electrode 1) positive transients are seen. Sustained negative potential between S1 and S2 is seen at pre-SMA (electrode 4) in both S1-Go and S1-NoGo trials. A similar potential is seen at SMA-proper (electrode 2), but only during S1-Go trials (indicated by asterisks). In the lateral prefrontal area (electrodes 6 and 7), clear negative slow shifts are seen between S1 and S2 (indicated by asterisk). In the primary hand motor area (electrode 8), there are no clear potentials between S1 and S2, and a large negative transient is seen after S2 only in S1-Go trial. VAC ϭ a line on the anterior commissure perpendicular to AC-PC line; VPC ϭ a line on the posterior commissure perpendicular to AC-PC line.
Behavioural data
As we monitored surface EMG activity instead of button press the onset times of the rectified EMG in the S1-and S2-choice paradigms were 135 ms and 335 ms in patient 1; 130 ms and 175 ms in patient 3; 135 ms and 250 ms in patient 4; 270 ms and 335 ms in patient 5, each respectively, and 180 ms for the S1-choice task in patient 2.
The reaction time in the S1-choice paradigm was much shorter than that in the S2-choice paradigm in all patients except patient 2 who underwent only the S1-choice paradigm. We could not provide the precise error rate in the present study as we rejected clearly erroneous responses during recording from storage by a special on-line program as in the previous studies (Ikeda et al., 1994 (Ikeda et al., , 1996a . However, the number of erroneous trials in both S1-and S2-choice paradigms was 0, 1 or 2 in a 6 min recording session consisting of 40 trials, and thus an error rate of less than 5% was estimated. We questioned all patients after the experiment about their own strategies to utilize S1 signals in both S1-and S2-choice paradigms, and we confirmed that, in the S2-choice paradigm, all patients paid considerable attention to S1 in order to be able to respond as quickly as possible on S2-Go.
Subdural potentials in the mesial frontal area Patient 1
In the S1-choice paradigm, large negative or positive transients were seen after S1 mainly at the pre-SMA (electrodes 6, 7, 8 and 12) and transients of smaller amplitude were observed at the prefrontal (electrodes 15, 16) and ill defined at the SMA-proper (electrode 2) (Figs 2A and 7A ). These former transients had an onset latency of 205 ms and peaked at 630 ms after the S1 onset with the amplitude of 50 µV at electrode 8 and they were clearly present equally in both S1-Go and S1-NoGo trials (Fig. 2C) . The transient potentials seen at the SMA-proper and the prefrontal area had a similar onset latency (190 ms at electrode 2 and 210 ms at electrode 15), but their peak latency was slightly shorter (425 ms and 580 ms) than that at pre-SMA (electrode 8). In contrast, in the S2-choice paradigm, negative transients after S1 were completely absent at both the pre-SMA and Cortical potentials recorded from subdural electrodes placed on the lateral surface of the left frontal area (the lateral skull X-ray shown in the left lower part, and its schema in the right lower part) in patient 3 (30-year-old female with complex partial seizures) in association with S1-(left) and S2-(right) choice reaction-time paradigms. Electrodes 9 and 10 correspond to the left frontopolar area. S1-choice: in both S1-Go and S1-NoGo trials, large negative transients are seen mainly at electrode 9 and 5 (indicated by large arrows). S2-choice: electrode 9 shows the similar waveforms upon both S1 (indicated by an arrowhead) and S2, but is larger in association with S2 (indicated by a large arrow). In both S1-and S2-choice paradigms, electrodes 5 and 10 show sustained slow potentials between S1 and S2 (indicated by asterisks). the prefrontal area ( Figs 2B and 7A) . At the SMA-proper, however, negative transients of similar latency and smaller amplitude as in the S1-choice paradigm were seen.
Clear negative slow sustained potentials occurring between S1 and S2 were seen at pre-SMA (electrodes 6-9) not only in the S1-choice but also in the S2-choice paradigm (Figs 2A and B and 7B) . These were also equally present in Go and NoGo trials in both S1-and S2-choice paradigms (Fig.  2C) . They started at 305 ms and 205 ms after the S1 onset in the S1-choice and the S2-choice paradigm, respectively, reached their peak~1000 ms after S1 (electrode 9) ( Fig. 2A and B) and were sustained until the S2 onset. Similar slow, but smaller potentials were also seen at the prefrontal area (electrode 15) and SMA-proper (electrode 1) equally in both paradigms ( Fig. 2A and B) .
Only in the S2-choice paradigm in which the dichotic discrimination and the selection were done on S2, were negative transients seen after S2 and those were mainly at the pre-SMA (electrodes 6, 7, 8 and 12) with an onset latency of 200 ms and peak latency of 600 ms after the S2 onset (Fig. 2B) . The amplitudes were larger in S2-Go trials than in S2-NoGo trials (Fig. 2C) , as the potentials recorded after S2-Go contained activity related to both discrimination/ selection and motor execution, but the potentials recorded after S2-NoGo were related only to discrimination/selection, similar to those recorded immediately after S1-Go/NoGo in the S1-choice paradigm.
Patient 2
As only the S1-choice paradigm was employed in patient 2, we could not compare the differences in response after S1 between the two tasks. However, upon both S1-Go and S1-NoGo, in general a large positive activity with an onset and peak latency of 165 ms and 310 ms, respectively, was seen at the pre-SMA (maximum at electrode 4). At the SMAproper, smaller (electrode 2) or ill defined (electrode 1) positive transients were seen (Figs 3 and 7A) . Among the electrodes at the pre-SMA, electrode 4 showed the largest negative sustained slow potential which started about 500 ms after S1. It was clearly seen in S1-Go trials, but was also seen in S1-NoGo trials to a lesser degree (Figs 3 and  7B) . SMA-proper (electrode 2) also generated a negative slow potential starting at~450 ms after S1, but it was smaller (30-year-old male with complex partial seizures) in association with S1-and S2-choice reaction-time paradigms. The line drawn across the 4 ϫ 5 grid indicates the location of the sylvian fissure, and the upper half corresponds to the left frontal lobe and its lower half to the temporal lobe. S1-choice: upon S1, large positive and negative complexes (peaks at 280 ms and 195 ms, respectively) are seen at electrodes 4 and 5, respectively (indicated by a large arrow). Between S1 and S2, a slow positive shift is seen at electrode 1 (indicated by an asterisk). S2-choice: upon S2, electrodes 4 and 5 generate the similar potentials to those observed upon S1 in the S1-choice paradigm (indicated by a large arrow), and slow positive shifts between S1 and S2 are seen at electrodes 1, 3, 4 and 5 (indicated by asterisks). In both S1-and S2-choice paradigms, electrodes 3 and 6 show a large complex of negative and positive waves (peak latency at 140 ms and 215 ms, respectively) immediately after both S1 and S2. Go and NoGo trials were averaged after confirming the consistency of waveforms before S2 stimuli.
than at the pre-SMA (electrode 4) and was seen only during the S1-Go trials.
Patient 5
In the S1-choice paradigm, large positive and negative transients of more than 75 µV were seen at electrodes 1 (pre-SMA) and 4, respectively, after S1, and they peaked at 500 ms after S1. These potentials were seen in both S1-Go and S1-NoGo trials (the waveforms in Fig. 6 are combined S1-Go and S1-NoGo sessions). These results suggest the presence of a dipole generator between electrode 1 (pre-SMA) and 4. These transient potentials are not very obvious at electrodes 3 and 7-10 (SMA-proper) (waveforms at electrodes 7-10 are not shown in Fig. 6 ), but similar, smaller ones are apparent at electrodes 5 and 6 (anterior cingulate gyrus). In contrast, in the S2-choice paradigm, there were no positive and negative transients after S1 at pre-SMA (electrode 1) which is similar to the situation observed with patient 1 (Fig. 6) . At the SMA-proper (electrode 3), and at the anterior cingulate gyrus (electrodes 5 and 6), however, negative transients of small amplitude were seen similar to those in the S1-choice paradigm, and their amplitudes (~50 µV) were as small as ones seen after S1 in the S1-choice paradigm.
Slow sustained potentials occurring between S1 and S2
were ill defined in the S1-choice paradigm at any electrode.
In the S2-choice paradigm, small, slow potentials were seen only at electrodes 4-6 which were mainly located in the anterior cingulate gyrus (Fig. 6) . The potentials started about 1500 ms after the S1 onset, and gradually increased in amplitude.
In the S2-choice paradigm in which dichotic discrimination and response selection were done upon S2, large positive and negative transients of more than 75 µV were seen after S2 at electrodes 1, 4 and 5 (mainly at pre-SMA). These had a peak latency of 500 ms after S2. These transient potentials after S2 were similar to those after S1 in S1-choice paradigm, in terms of the location and temporal relationship to the stimulus, which were strongly related to the discrimination and selection process to dichotic stimuli (Fig. 6) 
Subdural potentials in the lateral frontal area Patient 2
In the lateral prefrontal area (electrodes 6 and 7), upon S1 in the S1-choice paradigm, small positive-negative complexes were seen with a peak latency of initial positivity at 175 ms after S1. These were followed by clear negative slow shifts starting at 440 ms after S1, and they were sustained until the S2 onset. In the primary hand motor area (electrode 8), there Cortical potentials recorded from subdural electrodes placed on the mesial surface of the left hemisphere in patient 5 (31-year-old female with supplementary motor seizures) in association with S1-and S2-choice reaction-time paradigms. S1-choice: large positive and negative transients of Ͼ75 µV are seen at electrode 1 (pre-SMA) and 4, respectively, after S1, and they peak at 500 ms after S1 (indicated by a large arrow). These transient potentials are not apparent at electrodes 3 and 7-10 (SMA-proper), but there is a similar, smaller response at electrodes 5 and 6 (anterior cingulate gyrus). Sustained negative slow potentials between S1 and S2 are absent at pre-SMA (electrodes 1 and 2) or SMA-proper (at least electrode 3 in the figure). Go and NoGo trials were averaged together after confirming the consistency of waveforms before S2. S2-choice: positive and negative transients after S1 are completely absent at the pre-SMA (electrode 1). However, at the SMA-proper (electrode 3), and at the anterior cingulate gyrus (electrodes 5 and 6), negative transients of small amplitude are seen as in S1-choice paradigm, although the amplitude is smaller. Slow sustained potentials occurring between S1 and S2 are seen only at electrodes 4-6 located in the anterior cingulate gyrus (indicated by asterisks). After S2, large positive and negative transients of Ͼ75 µV are seen at electrodes 1, 4 and 5 (mainly at pre-SMA) (indicated by large arrows), which have similar features to the transient potentials seen upon S1 in the S1-choice paradigm. Go and NoGo trials were averaged together after confirming the consistency of waveforms before S2. VAC ϭ a line on the anterior commissure perpendicular to AC-PC line; VPC ϭ a line on the posterior commissure perpendicular to AC-PC line. Waveforms at electrodes 7-10 are not shown.
was no clear potential seen between S1 and S2, and a large negative transient was seen after S2 only in the S1-Go trial. The onset and peak latency of this transient were 165 ms and 350 ms after S2, respectively, which were earlier by about 50-150 ms than those of rectified EMG activity (Figs  3 and 7) .
Patient 3
In both S1-Go and S1-NoGo trials in the S1-choice paradigm, large negative transients were seen after S1 mainly at electrodes 9 and 5 (Fig. 4) . Electrode 9, located more rostrally than electrode 5, showed a similar response to S1 in the S2-choice paradigm, but it was slightly smaller than in the S1-choice paradigm. Electrode 5 showed no such similar potentials after S1 in the S2-choice paradigm. Electrodes 5 and 10 showed sustained slow potentials between S1 and S2 in both S1-and S2-choice paradigms.
Patient 4
Large positive and negative complexes were seen at electrodes 4 and 5, respectively exclusively upon S1 in the S1-choice paradigm and upon S2 in the S2-choice paradigm and the peak latencies were 280 ms and 195 ms after S1 as well as after S2 (Fig. 5) . Between S1 and S2, slow positive potential was seen at electrode 1 in the S1-choice paradigm, and at three more electrodes (electrodes 3, 4 and 5) in the S2-choice paradigm (Fig. 5) . In both S1-and S2-choice paradigms, electrodes 3 and 6 showed large transients of negative and positive complexes (peak latency at 140 ms and 215 ms, respectively) immediately after both S1 and S2.
Discussion
Discrimination/selection-related potentials
The present results are summarized in a schematic illustration in Fig. 7 . Transient potentials after S1 ( Figs 7A and 8) had Fig. 7 (A) Schematic representation of cortical generators for transient potentials occurring after S1 in the S1-and S2-choice reactiontime paradigms for each patient. The potentials seen only in the S1-choice paradigm are mainly observed at pre-SMA, and can be regarded as discrimination/selection-related cortical potentials. In patient 2, the schema for the S1-choice paradigm only is shown because the S2-choice paradigm was not conducted due to the patient's condition. (B) Schematic representation of cortical generators for slow potential shifts between S1 and S2 in the S1-and S2-choice reaction-time paradigms for each patient. The slow shifts are observed in all of the non-primary motor cortices investigated (pre-SMA, SMA-proper and lateral premotor areas) and prefrontal areas in both the S1-and S2-choice paradigms. In patient 2, the schema only for S1-choice paradigm is shown because S2-choice paradigm was not conducted due to the patient's condition. Fig. 8 Comparison of cortical generators between discrimination/ selection-related potentials after (A) S1 in the S1-choice paradigm, and (B) transient potentials after S1 in the S2-choice paradigm. The latter is most likely to be related to simple arousal.
an onset latency of~200 ms, and the peak latency varied from~300-600 ms, but was mainly~600 ms. They were often observed as large responses of more than 50 µV in amplitude and were either negative or positive in polarity, when recorded by referential montage. It was clearly demonstrated that, as seen in patients 1, 2 and 5, among mesial frontal cortices, pre-SMA generated the largest transient potentials after S1 in the S1-choice paradigm but not in the S2-choice paradigm. The prefrontal area showed a similar tendency. In contrast, the SMA-proper generated much smaller potentials after S1 in both the S1-and S2-choice paradigms. This suggests that pre-SMA and also the prefrontal cortex are active in the discrimination of dichotic stimuli related to motor action even though the actual execution is carried out 2 s later, whereas SMA-proper is related to simple arousal or attention to the warning stimulus. Therefore, the potentials originating from the SMA-proper most likely correspond to the scalp-recorded early component of contingent negative variation (CNV) observed in a simple warned reaction paradigm (Walter et al., 1964; Tecce and Cattanach, 1993) . In patient 2, with whom only the S1-choice paradigm was employed, the transient potential after S1 was seen at pre-SMA (electrode 4 in Fig. 3 ) but not after S2. Therefore, that particular potential is also most probably related to dichotic discrimination and response selection. It is also worthwhile mentioning that the lateral premotor area, as seen in patient 4, showed a similar tendency, although to a lesser extent than with the pre-SMA.
Reaction time in the S1-choice task in patient 1 (135 ms) was shorter than in patient 5 (270 ms), but the transient potential immediately after S1 in the S1-choice task did not show clear differences in the onset-or peak time between the two patients. Reaction time in the S1-choice paradigm reflects several sequential processes including sensory discrimination of the auditory S1 signal, the linkage to a motor task, the selection of motor outcome, the storage of the task and simple motor reaction in response to the S2 cue signal. Therefore, the discrimination/selection-related potentials of the same temporal profile among the patients could result in the different reaction times as with the present patients.
In the S2-choice paradigm in which dichotic discrimination and response selection upon S2 and motor execution upon S2-Go were done, similar transient potentials were seen after S2 (electrodes 6, 7, 8 and 12 in patient 1 in Fig. 2B ; electrode 9 in patient 3 in Fig. 4 ; electrodes 4 and 5 in patient 4 in Fig. 5 ; electrodes 1 and 4 in patient 5 in Fig. 6 ). They were seen at the electrodes at which the transient potentials after S1 in the S1-choice paradigm were observed, although the waveforms were distorted probably due to the simultaneous occurrence of the movement-related potentials after S2 as observed in Fig. 2C . This observation also supports the concept that the transient after S1 described above is discrimination-and selection-related.
Recently it was suggested from animal experiments using unit recording (Shima et al., 1991) and by activation studies of humans (Fink et al., 1997) that the cingulate motor area was also involved in voluntary movements. In the present study, only the findings at electrodes 5 and 6 in patient 5 are consistent with this idea. Electrodes 8 and 9 in patient 1, which showed the largest discrimination/selection-related potential and sustained type of response, respectively, were located in the superior frontal gyrus, and in patient 5, positive and negative transient activities were located at electrodes 1 and 4, both of which were on or superior to the cingulate sulcus, and none of the electrodes in patient 2 were on the cingulate gyrus. Therefore, the results obtained in the present study are not representative of the function of the cingulate motor area.
Previously when we compared scalp-recorded CNV between the S1-and S2-choice paradigms, a significantly large, frontally dominant early CNV component was observed in the S1-choice paradigm (Lai et al., 1997) . In that study, upon dichotic S1 or S2, the simple Go/NoGo signal was not employed, but either extension or flexion of the right wrist was chosen as a motor task. Therefore, the difference of the scalp distribution between the S1-and S2-choice paradigms was observed only in the time segment corresponding to the early CNV. Scalp electrodes at the frontal midline area would not pick up the potentials arising from the mesial part of the bilateral superior frontal gyri because of the tangential direction of dipoles to the scalp electrodes and the cancellation between the two dipoles of the bilateral opposite polarity (Lang et al., 1991) . However, as seen in patient 1, electrode 6 (Figs 1A and 2A) located rostral to the VAC line on the boundary between the mesial and lateral part of the superior frontal gyrus was one of the largest generators of this transient potential among the electrodes in the pre-SMA at the mesial part of the superior frontal gyrus. This suggests that the functionally determined pre-SMA is not restricted to the mesial part of the superior frontal gyrus. It was also shown by Luppino et al. (1991) that cytoarchitectonically and electrophysiologically defined SMA-proper (F3) and pre-SMA (F6) partly extended from the mesial surface to the dorsal surface of the frontal lobe. Therefore, the present results could lead us to a conclusion that the differences of the early CNVs observed, using the scalp electrodes at the frontal midline area, between the S1-and S2-choice paradigms (Lai et al., 1997) was most likely due to the activity of the pre-SMA and prefrontal cortices.
With regard to the specific function of the pre-SMA, recent single cell recording in non-human primates demonstrated that pre-SMA cells, but not SMA-proper cells, generated transient activity when shifting motor plans in response to the instruction signal (Matsuzaka and Tanji, 1996) . Similar specific activity in pre-SMA was seen only when updating the motor task between the different series of sequential motor tasks (Shima et al., 1996) . In the study by Matsuzaka and Tanji (1996) , 1.5-3 s before the impending signal, a 50 Hz tone burst (switching signal) was delivered to monkeys in response to which they had to switch from the current motor task to a new one. Thirty-one per cent of the neurons in the pre-SMA showed a shift-related activity of 500 ms duration after the switching signal, whereas only 7% of the SMA-proper had the same neuronal activity. This result is consistent with the present findings in the pre-SMA and SMA-proper. Since shifting or updating a motor task before the motor execution contains similar features to the S1-choice paradigm employed in the present study in terms of discrimination, selection and decision for motor plan, it is most likely that one of the specific functions of the pre-SMA is 'cognitive' processing strongly related to the forthcoming motor tasks, i.e. 'cognitive motor control' in voluntary movements. They also showed that phasic responses to visual cue signals which indicate the direction of the forthcoming arm-reaching movements were more abundant in the pre-SMA than in the SMA-proper (Matsuzaka et al., 1992) . This may be consistent with the present results in terms of pre-setting the movement direction upon the external signal.
A recent study in humans using fMRI showed that, in the simple Go/NoGo paradigm, the mesial frontal area rostral to the VAC line (pre-SMA) had an increased signal in association with both the Go and NoGo trials, and the area caudal to the VAC line and rostral to paracentral lobule (SMA-proper) was activated only with Go trials (Humberstone et al., 1997) . Since that particular study employed a single stimulus paradigm in which discrimination, selection, decision making and then motor execution, if needed, occurred together in response to each stimulus, and since there was only 3 s of time resolution in spite of the single event analysis method, it could not differentiate between stimulus-and motor-related activities. Nevertheless, at least from the view point of Go/NoGo discrimination, it suggests an important role of the pre-SMA as in the present study.
The transient potentials after S1 seen at the mesial prefrontal areas were smaller than those in the pre-SMA, as seen in patient 1. Previously we showed that, in S2-choice paradigms, the similar transient potentials after S2 (decisionrelated potentials) were observed in the mesial prefrontal area (Ikeda et al., 1996a) . Since the pre-SMA received the direct input from the prefrontal cortex (Luppino et al., 1993) , it is important to link the information about behavioural content to actual processes for motor execution (Fuster, 1989; Passingham, 1996) . Therefore, it is likely that the discrimination and selection processes related to motor execution are conducted in both prefrontal and pre-SMA, and the latter could augment it downstream of the information processing.
Slow shifts between S1 and S2
Slow potentials between S1 and S2 were obvious mainly at the pre-SMA, and also at the prefrontal SMA-proper and lateral premotor areas to a lesser extent. They were seen both in S1-choice and S2-choice paradigms (Fig. 7B) . They started occurring immediately after the disappearance of discrimination/selection-related potentials, or gradually became apparent~400 ms after S1 signal. There were two types of developing pattern: (i) as seen in patients 1 and 2, potentials peaked at~1000 ms after S1 and were sustained with the same amplitude until the S2 signal, or they slightly diminished in amplitude immediately before the S2 signal; (ii) mainly as seen in patients 3-5, slow shifts appeared at 1000 ms or even later, and gradually increased in amplitude before the S2 signal. These waveforms are consistent with the late CNV recorded by scalp electrodes (Walters et al., 1964) as well as by subdural electrodes in our previous studies (Ikeda et al., 1996a, b) . The waveforms were well documented in S1-NoGo trials in the S1-choice paradigms (as shown at electrode 9 in patient 1 in Fig. 2C and at electrode 4 in patient 2 in Fig. 3 ), strongly suggesting that these non-primary motor and prefrontal areas are active in very close association with general anticipation or attention for the forthcoming stimuli, but are not strongly or at all related to motor preparation at least between S1 and S2 in this particular paradigm. The S2-choice paradigm causes more uncertainty before S2 than the S1-choice paradigm, and thus the magnitude or the extent of these slow potentials may be proportionally larger in the S2-choice paradigm. In the lateral premotor area in patient 4 (Fig. 5) , the S2-paradigm involved three more electrodes generating slower shifts than in the S1-paradigm, but a similar tendency was not seen at the pre-SMA or prefrontal area in patients 1 and 2.
Since the waveforms of these slow potentials are consistent with scalp-recorded late CNV, the present study supports the concept that scalp-recorded late CNV consists of subcomponents, and these are not related just to simple motor preparation in the setting of CNV paradigm. We also previously showed that orbitofrontal, mesial prefrontal, SMA (Ikeda et al., 1996a, b) , lateral premotor, primary sensorimotor, mesial temporal and occipital association areas (Hamano et al., 1997) generated slow potentials between the two signals by using the S2-choice reaction-time paradigm. In the present study, we further clarified the involvement of the pre-SMA as one of the most active areas to generate these slow shifts among those areas, and that since it was at Pennsylvania State University on February 23, 2013 http://brain.oxfordjournals.org/ Downloaded from active in S1-NoGo trials as well as in S2-NoGo trials, it was most likely related to general anticipation, aside from motor preparation. It is worthwhile stressing here that the present results do not deny that pre-SMA is also involved in motor preparation or execution. Recently we demonstrated that pre-SMA generates BPs before spontaneous voluntary movements regardless of the site of the movements (Yazawa et al., 1997b) , whereas SMA-proper generates BPs in good accordance to its somatotopy (Ikeda et al., 1992) . The primary motor hand area in patient 2 in the present study did not show subdural potentials before S2 in S1-Go trials, but immediately after S2 the clear transient potentials were seen. Therefore, the present paradigms, i.e. CNV paradigms with a paired auditory choice reaction-time setting, would be suitable to elucidate slow potentials unrelated to motor preparation in the analysis segment between S1 and S2.
In preparation for self-paced, voluntary movements, both pre-SMA and SMA-proper generated BPs without clear differences in onset time between each, although the pre-SMA was always active regardless of the site of movements (Yazawa et al., 1997b) . However, once 'cognitive' processes such as discrimination, decision or response selection elicited by external stimuli were introduced in association with motor control of voluntary movements, the significant functional difference between pre-SMA and SMA-proper was clearly demonstrated. When functionally mapping the cortex in areas other than primary motor and sensory areas by using chronically implanted subdural electrodes, currently used techniques such as electrical cortical stimulation and shortlatency evoked potentials to sensory stimulation are by no means sufficient. BP recording could be useful for mapping the primary motor cortex (Yazawa et al., 1997a) , but it may not be clinically sufficient for motor mapping of the nonprimary motor cortices in the mesial frontal lobe (Allison et al., 1996) . When precisely delineating the sophisticated areas of the frontal lobe in relation to higher functions (Goldman-Rakic, 1987; Fuster, 1989) in the field of epilepsy surgery, the analysis of cortical evoked potentials by using choice paradigms as in the present study might be promising for clinical use.
